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The fulfilment of these limits with conventional marine diesel oil (MDO) requires complex and expensive aftertreatment systems and in this framework lean burn dual fuel (diesel and natural gas) is revealed as one of the most suitable engine platforms to decrease pollutant formations at its source and therefore to mitigate aftertreatment system requirements. For these reasons, the share of dual fuel natural gas engines in the marine market is growing, apart from well-known fuel flexibility and other benefits that the concept can provide to customers.
During dual fuel operation diesel fuel is used as the source of ignition of natural gas. Traditionally, diesel fuel is injected close to top dead center, when thermodynamic conditions in the combustion chamber lead to a short ignition delay. However, high cylinder local temperatures due to fuel stratification and diffusion combustion enhance NO x formation and the risk of knocking cycles.
For this reason, an experimental study has been carried out in an 8.8 liter dual fuel single cylinder Wärtsilä 20DF engine in order to evaluate different diesel 1. Introduction
Emission Legislation for Marine and Stationary Engines
The International Maritime Organization (IMO) is the main agency responsible of the prevention of marine pollution by ships. IMO created the first key anti-pollution protocol in 1978, which was addressed during the International 5 
Convention for the Prevention of Pollution from Ships (MARPOL) held in 1973
and which entered into force in 1983. MARPOL has been updated via different amendments throughout the years. The convention includes not only limits on pollutant emissions but also strategies and regulations to prevent and minimize pollution from ships [1] . 10 Regarding air pollution, the 1997 Annex VI to MARPOL (TIER I) introduced a new set of regulations in order to minimize emissions from ships and entered into force in 2005. Special focus was put on sulphur oxides (SO x ) and nitric oxides (NO x ). After that, other revisions have been applied to MAR-POL annex VI which have strengthened the emission limits in special emission 15 control areas (ECA). In these areas, more stringent requirements are applicable garding SO x emissions, MARPOL currently establishes a global limit of 3.5%
(0.1% in ECAs) in fuel and it includes reduction to 0.5% by 2020 [2] .
Medium speed marine engines are also utilized for other purposes besides mechanical-drive prime mover in small applications (small cargo vessels, ferries, etc.). It is common to see medium speed marine engines as stationary engines 25 for power production, so called generating sets. In these cases, other emission legislation may apply. One of the most stringent emission legislations for stationary sources is the Technische Anleitung zur Reinhaltung der Luft, usually referred to as TA Luft. The TA Luft limits are considered strict. In this case, a NO x limit of 0.5 g/Nm 3 @5%O 2 (vol.) applies for dual fuel applications, which 30 usually translates into limits below 1 g/kWh, depending on engine operation. SO x and NO x limits on emissions have caused the industry to find alternatives to traditional diesel combustion. New diesel marine engines usually require the use of SCR catalyst and SO x scrubbers in order to meet legislation, due to the limited availability and high cost of low sulphur marine fuel. These factors
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are driving the use of natural gas as marine fuel, since it meets the requirements of MARPOL Annex VI in both SO x (practically sulphur free fuel) and NO x (depending on engine operating mode). Moreover, natural gas is lower priced than MDO or heavy fuel oil (HFO) in certain markets. Uncertainty about when the 0.5% Annex VI SO x limit will enter into force and the possible future expansion 40 of the number of ECAs have also boosted research on natural gas as marine fuel [3] .
Pilot Ignited Dual Fuel Engines
Traditionally, natural gas has been used in spark ignition (SI) engines due to its similar combustion characteristics to gasoline-like fuels, where a simple 45 gas injection system can be added and the engine is operated in bi-fuel mode.
However, the reduced compression ratio of SI engines limits theoretical maximum thermal efficiency. For this reason, among others, the interest of natural gas combustion in compression ignition (CI) engines has increased in the latest years. The most common use of natural gas in CI engines is via pilot ignited 50 dual fuel combustion, where a small amount of HRF is used to ignite a quasihomogeneous natural gas and air mixture. In most cases, natural gas is injected in the intake port during the intake stroke, although some direct injection applications exist [4, 5] .
In terms of pollutant emissions, natural gas intrinsically offers benefits in 55 terms of carbon dioxide emissions (CO 2 ) due to its low carbon-to-hydrogen ratio, although unburned methane can significantly decrease its greenhouse benefits if combustion efficiency is not maximized. Mixture trapped in piston top land crevices and flame quenching in the bulk charge are the most important sources of unburned hydrocarbons (UHC) [6] . Both direct injection [7] and 60 optimization of combustion chamber geometry [8] have potential for reducing UHC emissions from natural gas engines. While light duty and heavy duty engine emission standards have introduced limits on UHC emissions, few emission legislations for marine and stationary engines have addressed this problem and consequently this topic has not severely limited the implementation of natural 65 gas engines in these sectors. However, these emissions are expected to be regulated in the future for stationary and marine applications [9] . Pilot ignited natural gas combustion offers great advantages in terms of particulate matter (PM), especially for cases where pilot fuel mass represents less than 10% of the total energy content [10, 11, 12] . Regarding NO x emissions, the performance of 70 dual fuel combustion engines strongly depends on the HRF combustion characteristics, which are mainly determined by the HRF injection settings selected (HRF injection timing, injection pressure and fuel mass). Under lean gas-air mixture conditions, the NO x production is mainly confined to the HRF fuel cloud, where high combustion temperature is reached. Some further NO x pro-75 duction is produced in the vicinity of the pilot combustion zone due to the interaction between the low reactivity fuel (LRF) and HRF [13] . Minimization of the relative HRF pilot mass is traditionally used for reducing NO x production. However, excessively small pilot size can turn out in insufficient ignition energy for the given gas-mixture characteristics, which as consequence results
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in poor combustion efficiency, increased UHC and reduced combustion stability.
On the other hand, high amounts of HRF can produce even more NO x than conventional diesel combustion and the increased combustion temperatures can cause knock.
The dual fuel combustion process is usually divided into 3 different stages.
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The first one consists of the HRF injection time. Pilot Injection timing, pressure and fuel mass are crucial parameters in dual fuel combustion, since ignition delay is heavily affected by these parameters [14] . The HRF is mixed with the gas-air mixture until ignition takes place. This second stage, defined by HRF Ignition, depends on HRF fuel distribution and thermodynamic conditions (tem-90 perature, pressure and oxygen concentration) in the combustion chamber and this is where the ignition delay is determined [15] . This is usually characterized by ignition of the gas-mixture in the vicinity of the pilot spray [16] . Finally, LRF ignition and flame propagation take place in the remainder gas-air mixture and it highly depends on the reactivity of gas-mixture and the charge thermo-95 dynamic conditions, since the flammability of a natural gas mixture is highly affected by these parameters [17] .
In recent years, alternative combustion modes for dual fuel engines have been investigated in an attempt to overcome the limitations of traditional combustion modes. One of the most relevant alternative combustion modes for dual-fuel ap-100 plications is Reactivity Controlled Compression Ignition (RCCI) [18, 19, 20] . In and performance levels of dual fuel applications. In this context, this paper is designed to provide a deeper insight into the ignition characteristics of pump diesel fuel in natural gas-air mixtures, with focus on the ignition characteristics and its effects on the main charge combustion.
Boundaries
Pilot ignited dual fuel combustion is highly sensitive to mixture global equivalence ratio [16, 21] . Instabilities could appear under excessively lean conditions, while engine operation could be limited by abnormal combustion (knocking) under richer conditions. High ignition energy, and consequently high pilot fuel mass, could result in excessively high local temperatures in the combustion 120 chamber, which enhances knocking probability, even from medium load operation. On the other hand, low pilot fuel ignitability or excessively lean gas mixture can cause poor combustion stability through the mixture and consequently misfiring behaviour. This trade-off is presented in Figure 1 .
Objective
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The main objective of this paper is to identify the links between HRF com- with electro-hydraulic valve actuation (EHVA) and diesel common rail injection system. The EHVA system is based on two independent Parker D3FP directoperated proportional DC valves [22] . Main engine specifications are presented 150 in Table 2 . The engine is instrumented with the necessary equipment required for its operation and control, as illustrated in Figure 2 . Due to the large displacement of the engine, receiver tanks are installed before and after the engine, as shown in Figure 2 . Since the engine is not equipped with a turbocharger, compressed 
Fuels
In this investigation, two different fuels have been used. Swedish MK1 diesel was used as HRF, which follows SS-15 54 35 and EN590 diesel standards. On the other side, natural gas was obtained from south-west Sweden's national grid
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and was used as LRF. Their main properties are listed in Table 3 . Diesel fuel was injected into the combustion chamber using a common rail diesel injection system. Since the test engine used is originally equipped with jerk fuel pumps, modifications to the fuel system were necessary to adapt it to common rail technology. A Scania XPI fuel pump was installed, driven by an
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electrical motor run at a constant speed of 500rpm. Since the fuel pump is not designed for pilot ignition engine operation, a high pressure valve was installed in the common rail in order to increase the fuel flow through the fuel pump and avoid overheating. A weighting scale was used for measuring diesel fuel flow.
The L orange VTO-G255 diesel injector was used and the main characteristics 180 are depicted in Table 4 .
Regarding natural gas injection, the original port injection fuel system remained unaltered. It consisted of a SOGAV 43 solenoid operated gas admission valve which injected the fuel directly into the intake port. Natural gas supplied pressure was adjusted via a remotely controlled valve which guaranteed 1 bar 185 of pressure drop over the gas valve. Natural gas flow was measured using a Bronkhorst F-106AI thermal mass flow meter.
Theoretical Tools
Analysis of in-cylinder pressure signal
The combustion analysis was performed based on the apparent heat release model (heat losses were not included) with variable heat capacity ratio during compression and expansion strokes, which is introduced in Equation 1 No filtering was applied to cylinder pressure data, but the calculated apparent heat release traces were filtered using a low-pass digital Butterworth filter. This was performed due to the presence of in-cylinder pressure oscillations in the combustion chamber due to premixed diesel combustion.
Combustion analysis was performed based on the resulting cylinder pressure and heat release traces.
Start of combustion (SoC) was defined as the crank angle at which the accumulated heat release reached 5% and combustion phasing was determined using CA50 definition (crank angle position of 50% fuel mass fraction burned). As a measure of combustion variability, the coefficient of variation of IM EP G (COV) was used and it was defined as:
where σ and µ are the standard deviation and the mean value respectively over 300 consecutive cycles. Finally, in-cylinder pressure oscillations were evaluated using the integral of modulus of pressure gradient (IMPG), which is defined by:
wherep is the filtered pressure trace (bandpass filter) and θ 0 and θ 0 +ξ define 190 the beginning and the end of the crank angle window. The proper filtering frequencies were estimated using C.S Draper's acoustic pressure wave theory
[23], where speed of sound was calculated under the assumption that the premixed charge behaved as an ideal gas. This resulted in cut-off frequencies at 2 and 8 kHz repectively. The IMPG knocking level is proportional to the ringing Finally, in-cylinder temperature has been estimated using a single zone model based on the ideal gas law, where the constant term is evaluated at IVC and assumed constant during the heat release calculation interval.
Fuel distribution definitions
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The analysis of fuel distribution in terms of global and single fuel equivalence ratios is explained in this section. Two fuels with different lower heating values (LHV) were present in the combustion chamber during the combustion process.
Gas fraction based on energy content is defined in Equation 4 . In this study, diesel energy was slightly changed between different engine loads. Consequently, the gas fraction increased with engine load. Global effective equivalence ratio was calculated via analysis of exhaust components (5 component analysis, water content estimated) [27] while single fuel equivalence ratio was defined using the traditional equivalence ratio definition.
Analysis of mixing process
An in-house developed 1D spray model called DICOM [28, 29] has been used to perform the mixing process analysis. The main assumption of the model is that the fuel spray is injected into a quiescent air volume large enough to avoid modifications of the air conditions far away from the injector nozzle. This delimited by the inlet and the outlet sections (i and i+1, respectively), satisfying
Required inputs for the model are the spray cone angle (θ), spray momentum (I 0 ) and mass flux (M 0 ) at the nozzle exit. In addition, the thermodynamic conditions from the engine experiments are also necessary. Thus, the 1D model 220 solves the general conservation equations for axial momentum and fuel mass in terms of the on-axis (i.e., center line) referred to instantaneous values of velocity and species mass fractions. Then, assuming self-similar conditions, the conservative properties are extrapolated radially through a radial Gaussian profile [30] . Local temperature, density and composition can also be calculated .
where φ LRF and φ HRF are respectively the absolute equivalence ratios of the 235 LRF (natural gas) and HRF (diesel), C HRF , C LRF , H HRF ,H LRF denote the number of carbon and hydrogen atoms, while Y N2,IV C and Y O2,IV C stand for the nitrogen and oxygen mass fraction at IVC, respectively.
For each test analysed, the mixing process calculations begin at the start of injection timing of diesel fuel (SOI HRF ) and the data analysis is performed at and exhaust valves. In Table 5 , a summary of the operating parameters kept constant in this study is presented, while Table 6 describes the experimental conditions for medium and high load operation. Table 7 includes the list of main boundaries and limitations present in this study. Operating conditions were limited by peak cylinder pressure and com-265 bustion stability. At medium load conditions, diesel injection timing was varied between stability limits at three different pilot injection pressures. At these conditions, peak in-cylinder pressure was not a limiting factor due to reduced engine load and lean conditions. However, limitations in terms of combustion stability (COV>5%) appeared at the extremes of the injection timing window. On the 270 other hand, high load operation was limited by maximum peak in-cylinder pressure with retarded injection timing, while stability became a limiting factor for Engine testing was complemented with simulations of HRF equivalence ratio and spatial distributions in the combustion chamber at experimental SoC.
Experimental data from representative operating points was used as input to the 1-D model, as described in previous sections. 
Combustion Development Results
Effects of Diesel Injection Pattern
In this section, the effects of pilot injection timing and pilot injection pressure on combustion development at medium and high load are presented. All tests were carried out at fixed engine speed 1000rpm (50Hz power generation 285 applications). Specific engine settings for the different engine loads are included in Table 6 .
Medium Load Conditions
Traditionally, combustion phasing in pilot ignited natural gas engines is controlled via diesel injection timing. However, this behaviour is not consistent 290 throughout the entire operating range. As shown in Figure 5 , when diesel injection timing is advanced, the combustion process is started earlier in the cy- at SoC. This means that there is a large degree of HRF stratification in the 310 combustion chamber. Reducing injection pressure causes a decrease of the mixing rate and consequently less mass of HRF under reactive equivalence ratios is present in the mixture. For this reason, SoC is delayed compared to scenarios with higher injection pressure. In all cases, this stratification causes a large RoHR premixed peak, followed by a slow flame propagation process due to lean 315 LRF-air mixture conditions. Changes in injection pressure result in different SoC timings but combustion rates in both RoHR stages remained essentially unaltered. Thus, increments of pilot injection pressure at constant pilot injection timing under late pilot injection conditions cause a decrease of ignition delay but the same combustion characteristics prevail.
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On the other hand, early pilot injection leads to the opposite trend. The longer ignition delay means that most HRF is under lean conditions and no HRF under stoichiometric conditions is present in the combustion chamber at SoC.
The higher the injection pressure, the leaner the HRF distribution, resulting in longer ignition delay. While for 2100bar injection pressure, 70% of HRF is at 325 equivalence ratios below 0.2, in the case of 1300bar injection pressure, the HRF mass at equivalence ratios below 0.2 is reduced to 50%, and consequently more reactive conditions trigger start of combustion earlier in the cycle. However, changes in injection pressure also affect combustion rate, since a clear change in the RoHR initial slope is observed, which suggests that the combustion rate 330 within the LRF-air mixture is affected by HRF distribution in the combustion chamber. In summary, increments of pilot injection pressure at constant pilot injection timing under early pilot injection conditions cause an increase of the ignition delay and both SoC and combustion rates are affected.
In Figure 5 , the turning point of the three curves is located at 30 CAD 335 bTDC. Therefore, these conditions were also simulated and they are included in Figure 6 . It can be observed that combustion phasing starts to move towards TDC when there is no presence of HRF under stoichiometric ratio at SoC. From this point, acceptable combustion phasing is obtained by further advancing the pilot injection timing in order to create enough HRF mixing and dilution, which Figure 10 .
High Load Conditions
Engine load was increased via higher boosting level and higher LRF flow 380 rate, maintaining a value of 0.5 global equivalence ratio. This strategy implied that HRF was significantly diluted compared to medium load conditions.
As explained in the previous section, thermodynamic conditions are expected to have a significantly higher impact on combustion characteristics at diluted conditions. For this reason, two different intake temperature conditions were tested at high load operation, in order to evaluate its impact on the combustion process.
As described in the methodology section, high load operation was limited by maximum peak cylinder pressure with retarded injection timing, while stability became a limiting factor for excessively early pilot injection timing. This 390 translates into a narrower pilot injection timing window compared to medium load operation, as observed in Figure 11 .
The effects of pilot injection pressure on SoC at high load operation follow similar trends as for medium load conditions. As in medium load conditions, simulations of HRF equivalence ratio distribution are presented in Figure 12 for Increased mixture temperature decreases mixture density. This reduces mixing rate in the combustion chamber and consequently higher mixed fuel mass 400 under equivalence ratio below 0.2 is present under low temperature conditions at constant pilot injection timing. This trend, combined with lower mixture temperatures, reduces reactivity of the mixture and delays combustion, as observed in RoHR. As in medium load conditions, higher pilot injection pressure results in longer ignition delay at constant pilot injection timing, although the change 405 in mixture reactivity and consequently combustion rate is more significant than the change in SoC.
For high intake temperature conditions, combustion phasing becomes unacceptable, since most of RoHR takes place before TDC. In this case, pilot injection timing should be further advanced and consequently lower HRF equivalence 410 ratios reached again. However, differences are observed in terms of RoHR, especially for 40CAD bTDC pilot injection timing. In an attempt to explain this variation, spatial distribution of HRF in the combustion chamber at SoC is presented in Figure 13 .
According to the simulation results, there are slight variations in the location 415 of the HRF fuel at SoC. Since the thermodynamic conditions in the combustion chamber and the fuel distribution are not severely varied, the differences observed in Figure 11 for the 40 CA bTDC pilot injection case should be interpreted as an indicator of how sensitive the combustion process becomes to variations of the thermodynamic state and HRF fuel distribution for early pi- which is presented in the following section.
Effects of Effective Compression Ratio
Autoignition of diesel fuel is governed by fuel distribution and thermodynamic conditions, since there is little induced turbulence in the combustion chamber. Therefore, an investigation about the effects of different thermody-435 namic properties of the mixture was performed in order to complement the studies on diesel fuel distribution. This included changes in intake valve closing timing, which resulted in different effective compression ratios. Effective compression ratio varied from 11.8 to 9.9 when IVC was changed from 35 to 57 CAD bBDC.
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As expected, lower compression ratio results in delayed combustion due to an increase of HRF ignition delay, caused by the lower compression temperature. Figure 14 pilot injection timing. Early IVC reduces bulk temperature so the effect of diesel stratification in the combustion chamber is compensated and therefore admissible (after TDC) combustion phasing is obtained.
As seen in Figure 15 , there are no significant differences in HRF distribution which could explain such a drastic change in RoHR. Consequently, the changes As explained in the previous sections, the presence of stoichiometric HRF areas in the combustion chamber are likely to promote early combustion phasing.
However, these results show that stratification of diesel fuel combined with re-460 duced pressure and temperature can be used to control the combustion phasing, which has a direct effect on efficiency, stability and engine-out emissions. This hypothesis results in a trade-off between combustion temperatures and stratification which must be assessed depending on engine constraints. This discussion is introduced in the next sections. This is connected to the explanation presented in Figure 6 . Improved mixing leads to a larger HRF mass at reactive equivalence ratios, which triggers the combustion process earlier in the cycle and results in higher heat release peak.
This effect also translates into CA50 timing occurring earlier in the cycle, and 500 NO x emissions increase due to higher combustion temperatures. However, when HRF mixing time is increased and SoC begins to shift towards TDC, NO x emissions are reduced. This trend is maintained until combustion stability decreases due to poor HRF ignitability. As depicted in Figure 19 , HRF injection pressure does not have a clear effect on NO x emission at constant SoC or CA50
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for the earliest pilot timings, while dispersion increases for late pilot conditions. This suggests that NO x emissions are mainly controlled by HRF combustion for pilot timings close to TDC, while combustion phasing determined by mixture reactivity becomes the dominant factor for early pilot conditions.
Regarding effective compression ratio effects, the reduced combustion tem-
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peratures linked with earlier IVC have a direct impact on NO x emissions. Up to 80% reduction of NO x levels with earlier IVC suggests that variable valve timing is an effective way of reducing combustion temperatures for knock-free high load operation.
Performance Summary
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In this section the fulfilment of the different constraints and limitations is discussed. As observed in Figure 21 , late pilot conditions turn out in excessively high NO x emissions in all cases. On the other hand, early pilot conditions allow an injection window of 8 CAD (from 42 to 50 CAD bTDC) where engineout NO x levels are under legislation without the need of an after-treatment 520 system and no HRF ringing or end gas autoignition is detected. However, the combustion stability window is slightly narrower than NO x window. In this case, the stability limit is located at 49 CAD bTDC. Consequently, stable engine The location of this window and its range obviously depends on operating conditions such as HRF mass, engine load, effective compression ratio, etc. so 530 results should be interpreted qualitatively. However, these results demonstrate how appropriate HRF stratification control can lead to stable combustion fulfilling emission legislation without the need of an after-treatment system in marine and stationary applications.
Conclusions
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In this paper, an investigation about the effects of HRF fuel autoignition characteristics on pilot ignited lean LRF combustion has been presented. Diesel and compressed natural gas were selected as HRF and LRF respectively. HRF HRF injection pressure has a larger impact on NO x for early injection timings than for late injection timings. This is due to the effects of HRF distribution on start of combustion timing. For late injection timings, 550 these effects have a lower weight on the start of combustion timing, since thermodynamic conditions result in short ignition delays. However, injection timings outside the ignitability region for the HRF cause an increase of the ignition delay which enhances the HRF mixing process and a well-mixed mixture is present in the combustion chamber at SoC, which 555 translates into Gaussian-shaped HCCI-like heat release.
Simulations confirmed the hypothesis that large HRF proportion around stoichiometric condition leads to high premixed heat release peak. This causes a peak in NO x emissions and an increased risk for abnormal combustion events. However, combustion stability is not guaranteed since lean 560 LRF conditions dominate in most of the combustion chamber.
Consequently, to reduce nitrogen oxides without significantly compromising combustion efficiency, it is crucial to control HRF spatial distribution.
Excessively lean conditions will lead to poor ignition characteristics, which combined with lean LRF conditions, will deteriorate combustion stabil-565 ity. On the other hand, excessively rich areas will contribute significantly to NO x emissions and, despite of sustained ignition, flame propagation throughout the LRF mixture will be poor, since the absence of HRF will reduce mixture reactivity.
These results prove the importance of combustion phasing control on pilot 570 ignited lean natural gas combustion under strict NO x emissions targets.
The operating window where all constraints are respected (stability, abnormal combustion, and emissions) is very narrow (in the range of a few CA degrees) and requires cycle-to-cycle control strategies to be implemented for increased robustness. 
